Introduction {#Sec1}
============

Reducing the under-five mortality rate (U5MR) by two-thirds (between 1990 and 2015) was a key Millennium Development Goal, and tracking progress in this goal has spurred a flurry of methodological developments in generating robust estimates of U5MR at the national scale \[[@CR1]--[@CR3]\]. The focus on levels and trends in U5MR through national averages may have somewhat obfuscated differential progress within countries. The Sustainable Development Goals (SDG) agenda marks a shift in the fight against child mortality, since increased attention is now devoted to closing equity gaps while reducing the overall level of mortality. The SDG's U5MR target for 2030 is to end preventable deaths of newborns and children under five years of age. All countries should aim to reduce neonatal mortality to at least as low as 12 deaths per 1000 live births, and U5MR should be at least as low as 25 deaths per 1000 live births \[[@CR4]\]. With this new SDG agenda, it is crucial to develop subnational estimates to ensure that no one is left behind, especially in large and decentralized countries such as India.

With a population of 1.3 billion and U5MR still estimated at 43 deaths per 1000 live births in 2016, India has the highest number of child deaths in the world. In 2016, an estimated one million children died in India \[[@CR5]\], corresponding to about one-fifth of the global number of under-five deaths. The country failed to achieve the MDG 4 target, despite reducing U5MR by 64% between 1990 and 2015. There are also large variations in U5MR between states \[[@CR6]\]. According to the Sample Registration System (SRS) data for the year 2015, the U5MR of Assam in Northeast India was 62 deaths per 1000 live births, which is more than four times higher than that of Kerala in South India, where the U5MR was estimated at 13 per 1000 \[[@CR7]\]. Numerous studies have highlighted higher mortality rates in the northern states \[[@CR8]--[@CR13]\] compared with states in the southern and western parts of the country. A north--south divide contrasts with inequalities in adult mortality, where the largest differences are observed between eastern India and western India \[[@CR9]\]. Some studies have also demonstrated that child deaths are highly clustered and that improvements in U5MR have been uneven, with certain hotspots still bearing the brunt of under-five deaths, especially Assam, Madhya Pradesh, Rajasthan, Uttar Pradesh, and Orissa \[[@CR10], [@CR11]\]. In this context, achieving the SDG target will require identifying areas that are falling behind and targeting them with specific interventions that will ideally reach beyond the state level. The lowest level of disaggregation in India is the district, which constitutes the basic administrative unit. Yet, relatively few studies have examined the levels and determinants of U5MR at this level in India. Numerous studies have analyzed cause-specific mortality changes \[[@CR12]\], explored U5MR risk factors at the national or state level \[[@CR13]\], or they have classified India into broad geographic regions \[[@CR8]\]. Studies that disaggregate their estimates at the district level have focused on developing accurate mortality estimates \[[@CR14]\] or investigating sex differentials \[[@CR15]\]. However, efforts to identify determinants of U5MR at the district level are often restricted to selected states only \[[@CR10]\] or to a single census. The work of Bhattacharya \[[@CR16]\]---which refers to the period before 2000---and that of Bhattacharya and Chikwama \[[@CR17]\]---which refers to the period until 2001---are two noticeable exceptions. These last two studies suggest that variables related to modernization and economic development (such as access to medical facilities and access to urban areas through paved roads) together accounted for more than 40% of the decline in U5MR during the 1981--1991 period. By contrast, variables related to the agency of women---such as literacy and their participation in the labor market---accounted for only 6% of this decline. These previous studies also indicated that while mortality declined overall, inequalities in child survival increased between 1981 and 2001 \[[@CR16]\]. While better access to medical facilities and safe drinking water contributed to reducing inequalities, other dimensions of structural change---such as infrastructure development, female literacy, and socio-cultural variables---showed differential progress and consequently contributed towards increased inequality in U5MR across districts \[[@CR17]\]. However, these analyses capture only the overall effects of specific determinants on U5MR. In this paper, we build on these works but additionally investigate the spatial heterogeneity in the relationships between district-level U5MR and a set of significant socioeconomic, development, and environmental health factors in India, all of which we have based on census data from 1991 and 2011. We focus less on differences *between* regions and more on differences *within* regions.

We aim to test whether the associations between U5MR and major determinants vary locally. If this is the case, a single global model may not readily summarize these relationships. For example, female literacy could shape inequalities in U5MR in some specific areas where there are still important gaps in education, but it could play only a minor role when a vast majority of women are literate. We assess spatial heterogeneity in U5MR and the relationships of its associated factors using geographically weighted regression (GWR).

This study is novel because it not only tests the spatial heterogeneity in the relationship between U5MR and its associated factors, but it also examines the temporal variations in such relationships for the same area. By comparing the 1991 and 2011 censuses, we are able to identify the underlying factors that drive mortality patterns at the district level and to capture changes over time in the magnitude and direction of relationships between key determinants and U5MR at the local level. Previous studies using global regression models \[[@CR16], [@CR17]\] indicate that the significant factors related to U5MR variation are not the same over these years. We further test U5MR and its predictor's relationship for regionality by applying cluster analysis to the GWR results. Clustering districts based on the local regression coefficients from GWR analysis identifies regions with similar relationships. Several previous analyses have found geographic variability in regression relationships \[[@CR18]--[@CR20]\], but these analyses are based on predefined regions, and it is possible that these definitions influence the chances of finding regional variability. Regional boundaries defined using cluster analysis are data-driven boundaries rather than anything that is predefined geographically or based on any single indicator.

Methods {#Sec2}
=======

Data {#Sec3}
----

Censuses are conducted in India approximately every ten years, with the last three censuses having been conducted in 1991, 2001 and 2011. For this analysis, we used district-level data from two rounds of census data (1991 and 2011) provided by the Registrar General of India to estimate U5MR and build a set of explanatory variables.

Outcome variable {#Sec4}
----------------

Our outcome measure of U5MR is the probability of a newborn dying before reaching age 5 (~5~q~0~) if he or she was exposed to the mortality rates of the period under consideration. All women of childbearing age reported on their total number of children ever born and children surviving in the 1991 and 2011 censuses. This information was the basis for applying a standard indirect demographic method to estimate mortality, referred to as the Brass method \[[@CR21]\]. Using model-based coefficients to account for variations in the age pattern of fertility and mortality, this method converts the proportion of dead children born to women in each five-year age group into estimates of the probability of dying by exact ages of childhood, and it calculates the number of years before the survey date to which the estimates refer. The indirect method, described in detail elsewhere \[[@CR22]\], provides one estimate of U5MR for each age group of women. Reports from the youngest women aged 15--19 typically provide mortality rates referring to approximately one or 2 years before data collection and reports from the oldest women refer to a more distant past, sometimes more than 15 years before data collection. For this analysis, we retained the average of estimates derived from two age groups of women (25--29 and 30--34 years old) to get one final estimate per district for each census. We discarded reports from younger women aged 15--24 because first-born children and children born to young mothers are disproportionately represented in these reports, thus introducing upward biases in mortality rates \[[@CR22]\]. We also discarded reports from women older than 35 in order to limit biases due to more frequent omissions of deceased children among older women and due to errors in recalling events that occurred in the more distant past. The reference dates for ~5~q~0~ estimates for the 2011 and 1991 censuses are, respectively, 2006--2007 and 1986--1987.

Explanatory variables {#Sec5}
---------------------

The set of explanatory variables considered in this study is also measured at the district level and constructed from tabulated census data (Table [1](#Tab1){ref-type="table"}). Women's agency, a key determinant of U5MR, is captured through female literacy among adults aged 15--49 years and through female labor force participation in the age group of 15--59 years. Social variations are reflected in the percentage of females belonging to scheduled castes and scheduled tribes. Scheduled tribes and castes are officially designated groups of disadvantaged people, comprising 8.6% (when considering tribes) and 16.6% (when considering castes) in the 2011 census. The level of the district's economic development is captured through the percentage of villages with access to *pucca roads* (paved roads) and the urbanization level of the district. The relatively healthy character of the environment is reflected in the percentage of villages with access to medical facilities and the percentage of households with access to sanitation facilities and safe water.Table 1Description of variables used in this studyUnder-five mortality rate (~5~q~0~)Probability of dying between birth and the exact age of 5Female literacyPercentage of women aged 15--49 in the district who are literateFemale labor force participation ratePercentage of women aged 15--59 in the district who are currently at workFemale scheduled caste and tribePercentage of women belonging to a scheduled caste or scheduled tribe in the districtAccess to sanitation facilitiesPercentage of households in the district with access to toilet facilitiesAccess to safe waterPercentage of households in the district with access to safe water from tap, hand pump and tube well (treated and untreated)Road infrastructurePercentage of villages in the district approached by pucca (paved) roadsAccess to medical facilitiesPercentage of villages in the district having medical facilitiesUrbanizationPercentage of the population in each district living in urban areasAccess to electricityPercentage of households in each district with access to electricity

Analysis {#Sec6}
--------

Some district boundaries have changed between 1991 and 2011. For this study, however, the districts in 1991 were considered as the reference, and districts that had been separated in recent years were merged into the original district. In total, we retained 449 districts. We excluded districts from Jammu and Kashmir, Lakshadweep, and Andaman and Nicobar Islands for the following reasons. One, the census was not conducted in Jammu and Kashmir in 1991. Two, Lakshadweep, Andaman, and Nicobar are islands and it is therefore difficult to define their spatial neighbors and calculate the bandwidth in GWR.

To capture the pattern and magnitude of spatial clusters, we first explored the significant local spatial clusters/outliers of U5MR rates using local indicators of spatial association (LISA) statistics \[[@CR23]\]. Areas identified as "high--high" refer to districts with above-average U5MR and which also share boundaries with neighboring districts that have above-average U5MR. "High-low" areas point to districts with above-average U5MR and which are surrounded by districts with below-average values. The "high--high" areas are also often referred to as "hot spots", whereas the "low--low" are referred to as "cold spots". Spatial dependence in the district-level estimates of each indicator was assessed using Moran's I Index (Global) value. In general, a Moran's Index value near +1 indicates clustering, while an index value near − 1 indicates dispersion.

Ordinary least squares (OLS) models were used to obtain coefficient estimates at the global level. The OLS models also helped identify the covariates by means of a stepwise approach before moving on to the GWR. The stepwise regression approach selected variables in the OLS model for the 2011 census and these same variables were retained for the 1991 census. Further multicollinearity tests were performed on the final set of variables. The multicollinearity was assessed through variance inflation factor (VIF) values, and VIFs greater than 10 indicated multicollinearity \[[@CR24]\]. This final list of selected variables was retained for both the OLS and GWR analyses. To explore the varying relationships between U5MR and socioeconomic predictors, we used GWR models. The bandwidth size was determined by minimizing the Akaike Information Criterion (AIC). Model comparisons between the OLS and GWR models were conducted using the AIC with a correction for finite sample sizes (AICc). One of the advantages of GWR modeling is that researchers can map the local coefficients as well as *R*^2^ in order to better identify spatial heterogeneities \[[@CR25]\].

Following previous studies \[[@CR26]\], the basic equation of the GWR model is expressed as:$$\documentclass[12pt]{minimal}
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Finally, to examine whether there were spatial groupings of coefficients from the GWR and to facilitate the interpretation of the GWR results, we applied cluster analysis to the *t*-values (that is, the local regression parameters divided by the standard errors of the estimates), which were obtained from the GWR model. We use local *t*-coefficients instead of the beta coefficients because the former denote both the direction and effect size of the relationships \[[@CR29], [@CR30]\]. K-means clustering was used to get the final number of clusters to be retained. The optimal number of clusters for the K-means method is chosen based on the Elbow method described elsewhere \[[@CR31]\]. It is worth noting that these clusters form areas that are not defined by state boundaries and reflect specific patterns of variations in U5MR. Nor do they coincide exactly with regions highlighted in previous studies on India. Simple OLS regression was then performed in each cluster to study the relationships that socioeconomic and environmental factors have with U5MR in these specific clusters. All analyses were performed with the R statistical software.

Results {#Sec7}
=======

U5MR has declined almost everywhere over the past 20 years, from the period 1986--1987 to 2006--2007, but there are large variations in the pace of decline (Fig. [1](#Fig1){ref-type="fig"}). According to the 1991 census, most 1986--1987 U5MR estimates for the districts in the south of the country varied between 50 and 100 under-5 deaths per 1000 live births, and a few districts had less than 50 under-5 deaths per 1000 live births in the south-west of the country (in Maharashtra, near Mumbai). By comparison, according to estimates at the national level that were developed by UN IGME, the U5MR was estimated at 141 per 1000 in 1986 \[[@CR5]\]. U5MR was higher than 100 per 1000 live births in most districts in the northern region, especially in states such as Madhya Pradesh and Uttar Pradesh. There were only modest changes in the geography of U5MR from 1986--1987 to 2006--2007, with a clear cluster of high U5MR districts remaining in the center of the country and low U5MR pockets persisting in the south. In estimates derived from the 2011 census, 22 districts had a U5MR below 50 per 1000 while 333 districts managed to contain their U5MR to between 50 and 100 under-5 deaths per 1000 live births. By comparison, the UN IGME estimate for 2006 was 71 at the national level \[[@CR5]\].Fig. 1Under-five mortality rates (deaths before age 5 per 1000 live births) and local clusters at the district level in India, 1991 and 2011 censuses

The LISA cluster maps presented alongside the map of overall U5MR display four types of geographical clustering for U5MR. These maps indicate persistent geographic clustering of high U5MR in Central India and parts of the east. On the other hand, the maps also show a few cold spots with substantially lower U5MR in South India and in a few districts of Northeast India. The number of districts falling into high--high clusters decreased significantly from 1991 to 2011. Quite surprisingly, there were no high-low or low--high clusters in 1991, and only one high-low cluster in 2011. Table [2](#Tab2){ref-type="table"} shows values of Moran's I statistic, which is a measure of the spatial autocorrelation among the neighboring values \[[@CR23]\]. Moran's I statistics for all the variables are relatively high, suggesting strong spatial patterns for both dependent and independent variables.Table 2Moran's I test statistics for the different variables under studyCensuses19912011Under-five mortality rate0.64\*\*\*0.60\*\*\*Female literacy0.68\*\*\*0.68\*\*\*Female labor force participation rate0.72\*\*\*0.68\*\*\*Female scheduled caste and tribe0.55\*\*\*0.55\*\*\*Access to sanitation facilities0.38\*\*\*0.70\*\*\*Access to safe water0.60\*\*\*0.63\*\*\*Road infrastructure0.70\*\*\*0.64\*\*\*Access to medical Facilities0.64\*\*\*0.60\*\*\*Urbanization0.13\*\*\*0.33\*\*\*Access to electricity0.64\*\*\*0.77\*\*\*\*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001

Coefficients from the standard OLS model show the expected relationships between district-level U5MR and socioeconomic, development, and environmental health factors (Table [3](#Tab3){ref-type="table"}). They are also broadly consistent over time. The global model for 1991 explains 46% of the variation in U5MR, and the model for 2011 explains 52% of the variation. According to estimates from the two censuses, female literacy and labor force participation in a district have significant negative relationships with U5MR. As the proportion of women belonging to scheduled tribes and castes increases in a district, U5MR also increases significantly. However, the set of indicators significantly associated with U5MR is not the same across each census. For example, access to safe water at the household level and the percentage of villages with access to paved roads were significantly associated with U5MR in 1991; whereas in the 2011 census, it was households having access to sanitation facilities and electricity and villages having access to medical facilities that were significantly associated with U5MR.Table 3OLS regression estimates for under-five mortality rate at the district level, in the 1991 and 2011 censuses19912011EstimateStd. error*t*-valuep valuevifEstimateStd. error*t*-valuep valuevif(Intercept)172.546.5626.280.00\*\*\*138.787.3518.880.00\*\*\*Female literacy− 1.080.11− 9.800.00\*\*\*2.09− 0.690.10− 6.990.00\*\*\*2.79Female labor force participation rate− 0.340.09− 3.670.00\*\*\*1.67− 0.210.08− 2.750.01\*\*1.93Female scheduled caste and tribe0.160.082.110.04\*1.540.270.046.060.00\*\*\*1.69Access to sanitation facilities0.070.080.800.431.56− 0.130.05− 2.610.01\*\*2.89Access to safe water− 0.180.07− 2.540.01\*1.340.050.041.170.241.34Road infrastructure− 0.330.07− 4.570.00\*\*\*2.09− 0.040.03− 1.320.191.56Access to medical facilities− 0.030.05− 0.650.521.57− 0.090.04− 2.490.01\*1.54Urbanization− 0.210.10− 2.150.03\*1.530.180.053.450.00\*\*\*1.93Access to electricity0.030.080.440.662.18− 0.180.04− 3.890.00\*\*\*3.10R^2^0.460.52AICc4296.813735.52*vif* is variance inflation factor, which quantifies the severity of multicollinearity in an ordinary least squares regression analysis\*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001

Table [4](#Tab4){ref-type="table"} provides the estimated coefficients of the GWR model. These coefficients demonstrate how the identified relationships vary from one district to another and to what extent these local relationships remain hidden in the global model presented in the OLS models above. The non-stationarity test results suggest that all the covariates are spatially nonstationary and therefore should be treated as local covariates. This observation holds in both census years. In terms of overall goodness-of-fit when comparing to the OLS model, the Quasi-Global R^2^ is higher than 0.80 for both the GWR models. The AICc of the GWR model is smaller than the OLS model for both census years, suggesting that the former has a better fit than the latter. Local R^2^ maps (Fig. [2](#Fig2){ref-type="fig"}) indicate that the GWR model fits well in most places in India, with R^2^ being above 0.50 for all the local models. This value is higher than the R^2^ value of the OLS model. The local R^2^ values for districts from Maharashtra, Karnataka, and Andhra Pradesh are higher than 0.80 for both censuses, suggesting that the current set of indicators capture more than 80% of the variation in U5MR in the districts from these regions (Fig. [2](#Fig2){ref-type="fig"}).Table 4GWR coefficients for under-five mortality rate at the district level, in the 1991 and 2011 censusesMinQ1MedianQ3Max*1991*(Intercept)− 40.09110.70152.20190.30280.70Female literacy− 3.18− 1.27− 0.60− 0.080.96Female labor force participation rate− 1.19− 0.45− 0.120.291.31Female scheduled caste and tribe− 1.040.050.260.491.26Access to sanitation facilities− 2.18− 0.320.080.381.07Access to safe water− 1.00− 0.32− 0.050.200.81Road infrastructure− 1.25− 0.43− 0.250.131.42Access to medical facilities− 1.35− 0.33− 0.140.000.43Urbanization− 1.16− 0.37− 0.090.030.63Access to electricity− 1.13− 0.50− 0.26− 0.031.40AICc4046.67R^2^0.84*2011*(Intercept)34.97116.70148.90161.30197.40Female literacy− 1.24− 0.77− 0.56− 0.340.42Female labor force participation rate− 1.02− 0.32− 0.160.191.37Female scheduled caste and tribe− 0.630.000.120.280.94Access to sanitation facilities− 0.86− 0.33− 0.13− 0.010.27Access to safe water− 0.41− 0.090.060.230.68Road infrastructure− 0.60− 0.090.010.080.30Access to medical facilities− 0.43− 0.16− 0.060.030.54Urbanization− 0.320.010.120.240.73Access to electricity− 1.51− 0.40− 0.28− 0.100.64AICc3617.46R^2^0.80Non-stationarity test is significant at p \< 0.001 for all variables in the GWR model Fig. 2Local R^2^ for GWR

More importantly, our results demonstrate that relationships between the local variables and U5MR in India vary substantially. This is illustrated in Fig. [3](#Fig3){ref-type="fig"} for female literacy and in "[Appendix 1](#Sec10){ref-type="sec"}" for all the other covariates, with the *t*-values of the GWR models included. The green tones represent positive relationships and the purple tones represent negative relationships. Each covariate shows specific spatial variations that cannot be readily summarized in terms of a simple pattern (such as the often-mentioned north--south divide in U5MR). For example, when considering the relationship between U5MR and female literacy, the *t*-values for 1991 are highly significant and negatively associated with U5MR in the northeast, northern, and central parts of India. However, this association was positive and significant for the year 1991 in a series of districts located in the south and in Rajasthan. It is unclear why higher literacy rates could be associated with higher mortality rates in these areas. In 2011, no district showed a significant positive relationship, and the negative association was significant in half of the districts. Similarly, access to sanitation facilities and access to other facilities can be significantly and positively associated in one region and negatively associated in another. Overall, our GWR analysis clearly suggests that the association of each predictor with U5MR varies significantly over space and time. Distinct regions characterized by positive or negative associations can be discerned with coherent evolution over time between the 1991 and 2011 censuses.Fig. 3*t*-values of female literacy generated using GWR

For both censuses, an examination of the percentage of variance explained as a function of the number of clusters called for dividing India into six principal clusters (Fig. [4](#Fig4){ref-type="fig"}). It should also be kept in mind that the cluster analysis was performed using *t*-value estimates of GWR for each census independently (that is, there is no exchange of information between the 1991 and 2011 censuses). In both censuses, 70% of the 449 districts were part of the same cluster, so these clusters are broadly comparable, even though the shapes and areas covered by each cluster have changed slightly. For example, Cluster 1 is located partly in the south of the country but also with some districts located in the western regions, and it has expanded from 1991 to 2011. For this reason, instead of working with two different sets of clusters, we retained the clusters obtained in 1991 and performed the cluster-specific OLS regressions successively on the 1991 and 2011 data. "[Appendix 2](#Sec11){ref-type="sec"}" shows descriptive statistics of all the dependent and independent variables considered in this study for each cluster in 1991 and 2011. Comparison of the descriptive statistics for the year 2011 as per the cluster boundaries for 1991 and 2011 suggests that our conclusions do not substantially change even if we retain the same set of clusters for each census year.Fig. 4Cluster locations, 1991--2011

To characterize the clusters, we again performed an OLS regression at the district level for each cluster. Table [5](#Tab5){ref-type="table"} presents the OLS regression results for each cluster in the year 1991 and 2011. "[Appendix 2](#Sec11){ref-type="sec"}" provides the basic statistics of all independent variables in each cluster. Within the same cluster---the factors significant in both years are not precisely the same. We highlight some peculiarities of each cluster below.Table 5OLS regression estimates for under-five mortality rate in each cluster, 1991 and 201119912011EstimateStd. Error*t*-valuep valueEstimateStd. Error*t*-valuep value*Cluster 1*(Intercept)111.2212.129.170.00\*\*\*110.8913.338.320.00\*\*\*Female literacy− 0.430.15− 2.790.01\*\*− 0.510.18− 2.840.01\*\*Female labor force participation rate− 0.100.13− 0.770.45− 0.080.12− 0.700.48Female scheduled caste and tribe0.570.163.460.00\*\*\*0.360.113.290.00\*\*Access to sanitation facilities0.270.112.330.02\*− 0.040.09− 0.460.65Access to safe water0.170.101.630.110.200.082.430.02\*Road infrastructure− 0.320.10− 3.290.00\*\*− 0.080.07− 1.190.24Access to medical facilities0.040.080.500.62− 0.110.06− 1.840.07Urbanization− 0.290.13− 2.290.02\*0.050.090.560.58Access to electricity− 0.270.13− 2.160.03\*− 0.150.13− 1.120.26Adjusted R^2^0.560.62*Cluster 2*(Intercept)250.7216.4615.230.00\*\*\*150.9522.346.760.00\*\*\*Female literacy− 0.430.38− 1.140.26− 0.260.27− 0.940.35Female labor force participation rate− 0.530.25− 2.100.04\*− 0.640.24− 2.700.01\*\*Female scheduled caste and tribe− 0.050.26− 0.190.850.290.171.740.09Access to sanitation facilities− 0.390.63− 0.620.54− 0.510.25− 2.050.04\*Access to safe water− 0.460.24− 1.940.06− 0.250.18− 1.360.18Road infrastructure− 0.960.28− 3.390.00\*\*0.090.110.770.44Access to medical facilities− 0.320.12− 2.610.01\*0.050.100.490.62Urbanization− 0.200.30− 0.670.500.160.200.790.44Access to electricity− 0.110.30− 0.380.71− 0.130.13− 1.010.32Adjusted R^2^0.620.52*Cluster 3*(Intercept)193.5829.976.460.00\*\*\*176.8423.577.500.00\*\*\*Female literacy− 1.950.49− 4.010.00\*\*\*− 0.710.34− 2.110.04\*Female labor force participation rate− 0.920.42− 2.190.03\*− 0.410.38− 1.070.29Female scheduled caste and tribe0.330.261.280.210.380.182.190.03\*Access to sanitation facilities0.520.271.920.06− 0.710.22− 3.220.00\*\*Access to safe water0.430.261.680.10− 0.040.13− 0.340.74Road infrastructure− 0.630.47− 1.320.190.260.161.640.11Access to medical facilities0.320.430.740.470.010.180.080.93Urbanization0.530.580.930.360.240.290.850.40Access to electricity− 0.910.49− 1.840.07− 0.230.22− 1.060.30Adjusted R^2^0.490.43*Cluster 4*(Intercept)157.5413.2211.920.00\*\*\*189.4325.187.520.00\*\*\*Female literacy− 1.210.21− 5.70.00\*\*\*− 0.700.27− 2.580.01\*Female labor force participation rate− 0.280.13− 2.230.03\*− 0.610.15− 3.950.00\*\*\*Female scheduled caste and tribe0.330.122.630.01\*0.140.101.460.15Access to sanitation facilities0.070.120.620.540.120.130.910.36Access to safe water0.100.130.740.46− 0.250.20− 1.250.21Road infrastructure− 0.400.08− 4.930.00\*\*\*0.06− 0.750.45Access to medical facilities0.030.070.460.64− 0.130.09− 1.520.13Urbanization− 0.100.11− 0.930.360.140.081.710.09Access to electricity− 0.100.13− 0.740.46− 0.430.11− 3.930.00\*\*\*Adjusted R^2^0.710.62*Cluster 5*(Intercept)188.4436.765.130.00\*\*\*193.8241.534.670.00\*\*\*Female literacy− 2.460.72− 3.420.00\*\*− 0.800.42− 1.890.07Female labor force participation rate0.870.61.450.150.810.481.670.10Female scheduled caste and tribe− 0.630.42− 1.50.14− 0.620.33− 1.850.07Access to sanitation facilities− 1.310.76− 1.720.09− 0.460.30− 1.530.13Access to safe water− 0.840.25− 3.390.00\*\*− 0.480.30− 1.620.11Road infrastructure0.640.481.340.19− 0.040.09− 0.500.62Access to medical facilities− 0.060.12− 0.490.620.020.080.300.77Urbanization0.680.521.320.200.240.231.020.31Access to electricity1.040.382.740.01\*\*0.210.161.280.21Adjusted R^2^0.540.26*Cluster 6*(Intercept)132.8116.977.820.00\*\*\*69.7923.362.990.00\*\*Female literacy0.240.420.580.570.290.340.850.40Female labor force participation rate− 0.920.35− 2.620.01\*1.020.343.020.00\*\*Female scheduled caste and tribe0.280.231.220.230.000.13− 0.030.98Access to sanitation facilities− 1.090.50− 2.190.03\*− 0.350.17− 2.020.05\*Access to safe water0.000.15− 0.020.990.040.120.320.75Road infrastructure0.750.292.560.01\*0.100.091.150.26Access to medical facilities− 1.030.33− 3.140.00\*\*− 0.290.11− 2.640.01\*Urbanization− 0.300.34− 0.900.370.320.142.300.03\*Access to electricity− 0.110.39− 0.280.78− 0.400.17− 2.410.02\*Adjusted R^2^0.450.53\*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001

*Cluster 1* mostly encompasses districts from the southern states of India and districts from Gujarat and Rajasthan in the west. It is characterized by high female literacy rates and the lowest proportion of women in scheduled castes and tribes. It also has the lowest U5MR in both years, with a marginal change over time (78.5 in 1986--1987 and 71.2 in 2006--2007). Yet, the most significant factors (*p* \< 0.01) explaining the variation in U5MR in 1991 were female literacy, the share of females in scheduled tribes and castes, and access to paved roads. In 2011, the percentage of females in scheduled castes and tribes and literacy rates were still significantly associated with U5MR. While sanitation was positively related to U5MR in 1991, it was no longer significant in 2011. This could perhaps be linked to the sharp reduction in inequalities in access to sanitation from 1991 to 2011, as shown in the coefficients of variation in "[Appendix 2](#Sec11){ref-type="sec"}" (CV = 0.82 in 1991 and 0.48 in 2011).

*Cluster 2* mainly represents districts from Uttar Pradesh, Madhya Pradesh, and Chhattisgarh, which have been designated as "High Focus States" by the government of India (along with five other states). This cluster has the highest mortality rates in both the 1991 and 2011 censuses (140.1 in the period 1986--1987 and 94.4 in the period 2006--2007). U5MR has decreased substantially in this cluster. Access to paved roads in 1991 was a highly significant predictor of U5MR in this cluster (*p* \< 0.01), while female labor force participation and access to medical facilities were other significant predictors (*p* \< 0.05). Female labor force participation in 2011 was still a significant predictor of U5MR in this cluster, along with access to sanitation facilities. The average level of access to sanitation facilities is very low (31%) in this cluster. The insignificant effect of access to roads and medical facilities in 2011 could be related to the significant improvement in the level of these indicators from 1991 to 2011.

*Cluster 3* is also a high-mortality cluster and mainly represents districts from the northeastern states of India. The level of U5MR in this cluster was high in 1991, but progress has been slow. Female literacy was a significant predictor of U5MR in both periods (*p* \< 0.001 in 1991 and *p* \< 0.05 in 2011). The other significant predictor in 1991 was female labor force participation, while in 2011, it was access to sanitation facilities and the proportion of scheduled castes and tribes that were significant. Despite changes in the mean values of each predictor, the coefficients of variation for each covariate have not changed substantially over the last 20 years---with the exceptions of female literacy and access to sanitation facilities,---thus suggesting that substantial variations persist in this cluster at the level of socioeconomic development.

*Cluster 4* represents the second-lowest U5MR cluster and is comprised of districts mainly from Maharashtra in the west and Himachal Pradesh, Punjab and Haryana in the north. Female agency variables such as female literacy and labor force participation explain most of the variation in U5MR for both of this cluster censuses. The other important predictors of U5MR in 1991 for this cluster were access to paved roads and the proportion of females in scheduled caste and tribes, both of which were replaced by access to electricity in 2011. This is the only cluster where female labor force participation has increased over time. This cluster also contrasts with other clusters in that a large proportion of households have access to electricity.

*Cluster 5* is the second-highest U5MR cluster represented by districts from Bihar and Jharkhand, which are also designated as "High Focus States". The U5MR variation in 1991 for this cluster is determined mainly by variations in female literacy, access to safe water and access to electricity. However, we found a positive relationship between access to electricity and U5MR. This counter-intuitive result could be related to the fact that this cluster had the smallest percentage of households with access to electricity (For Census 1991---18.3% versus 58.3% in Cluster 4), and there could be additional variables confounding this association. Contrary to the other clusters, we did not find any significant predictor of U5MR in this cluster in 2011, suggesting that there could be important covariates that were left out of our models.

*Cluster 6* represents mainly districts from states in the eastern region of India, such as Jharkhand, Orissa, and West Bengal. The decline in the level of U5MR is substantial, but the coefficient of variation has only marginally decreased (\"[Appendix 2](#Sec11){ref-type="sec"}\"). Access to medical facilities along with sanitation and female labor force participation were the common predictors of U5MR in both censuses for this cluster. Female labor force participation was positively associated with U5MR in this region in the second period. The other significant predictors were road infrastructure in 1991 and access to electricity and urbanization in 2011.

Discussion {#Sec8}
==========

Infant and child survival depends on a host of demographic, socioeconomic, and contextual factors, all of which vary locally \[[@CR32]\]. Determining the contribution of each of these factors at the smallest geographical level provides useful insights for programs that aim to reduce child mortality. From this study in India, it is evident that each covariate shows specific spatial variations, which cannot be readily summarized in a simple pattern. The spatial heterogeneity in the relationships that U5MR has with socioeconomic, development and environmental health factors (including sign reversals) indicates that applying constant regression coefficients irrespective of geographic location does not adequately describe the relationships between U5MR and the factors that influence it. The maps of *t*-values clearly reveal strong spatial heterogeneity with several clusters of districts where the relationship does not follow the expected direction of the relationship found in the global OLS model. The expected directions of relationships were followed in most districts of India by the proportion of female literates, the share of females belonging to scheduled castes or tribes, and the percentage of villages with access to medical facilities. However, although the negative associations in most districts were consistent with expectations, specifically regarding factors such as the female labor force participation rate and access to safe water, to sanitation facilities, to paved roads and to electricity, few significant pockets were found where the relationship was positive. More research is needed to understand how these unexpected relationships are possible. For example, our indicator of access to "safe" water constitutes access to a hand pump, to a tube well or to tap water, but that includes both treated and untreated tap water. It is possible that tap water in some areas of the country is insufficiently treated and is detrimental to children's health or that the delivery of tap water is more often interrupted than in households using water wells. A previous study conducted in India found a higher incidence of diarrhea outcomes in children living in households with piped water \[[@CR33]\], possibly due to contamination from unclean storage tanks and water distribution networks. Hence, the impact of access to water on child health will also vary with local conditions such as water sources and the reliability of distribution networks.

Health indicators tend to be clustered, and some of this clustering may be linked to shared neighborhood socioeconomic and health characteristics. Cluster analysis helped to categorize such clusters. Six principal clusters were identified with distinct relationships among our main covariates and U5MR based on the local regression coefficients from GWR. These clusters do not follow the regional boundaries suggested by the previous studies. The high mortality states of India that are often typically classified as high focus states \[[@CR10]\] were classified in this study into three different clusters based on the relationship of the factors associated with U5MR. The most significant factors associated with U5MR in three high-mortality clusters were female agency variables: female literacy and female labor force participation. Maternal education has been established as the single most important global determinant of differences in child survival \[[@CR34]\]. On the other hand, previous study on India \[[@CR16]\] argue that female agency variables like female literacy and labor force participation do not play a dominant role in reducing child mortality in the previous years. Our study suggests that the effect of female agency variables is more dominant in areas with high U5MR. Access to safe water, sanitation facilities and electricity in 2011 was the other set of indicators that played a key role in explaining U5MR variations in these three clusters. Previous studies have shown that the basic infrastructure and factors related to facilities are still important in reducing child mortality in Indian states with high mortality \[[@CR11]\]. However, this study also highlights that existing socioeconomic or environmental health variables have low explanatory power in high focus states like Bihar and Jharkhand. This suggests that there might be other social, cultural, and economic conditions accounting for the variation in U5MR in Cluster 5.

Clusters 1 and 4 were the two lowest mortality clusters. However, the factors explaining the variations in these two clusters were not the same. While female literacy and labor force participation were significantly associated with U5MR in Cluster 4, the indicators related to facilities were more important in Cluster 1, which is clearly in a more advanced stage of development. A previous study \[[@CR35]\] also showed that the states in Cluster 1 have low levels of multidimensional poverty, which covers indicators related to health, knowledge, income, employment, and household environment. An interesting observation for Cluster 1 is that the proportions of females in scheduled tribes or scheduled castes constitute a significant risk factor for U5MR in this cluster, even if it had the lowest proportions of women in these tribes and castes in both census years while simultaneously being the most advanced in terms of economic development. This finding contrasts with an earlier study of the influence of caste on child mortality in India, which concluded that caste differentials in child health were particularly pronounced in the poorer districts of India \[[@CR36]\].

Village access to paved roads was one of the prominent determinants of U5MR in both high- and low-mortality clusters in 1991, and access to sanitation facilities in 2011. A decline occurred in the U5MR contribution from access to well-paved roads at the local level, which can be attributed to increasing the accessibility of these facilities at the district level \[[@CR17]\].

This study is subject to certain limitations, which point to directions for future work. First, we used indirect methods to generate district-level estimates, although such methods do not allow estimating age-specific mortality rates and thus impede monitoring of neonatal mortality. According to UNICEF, up to 60% of children's deaths in India were among neonates in 2016 \[[@CR5]\]. Generating age-specific mortality rates at the district level requires a more comprehensive approach, one that uses full birth histories collected in large-scale multi-round survey programs such as the District Level Household and Facility Survey and the National Family Health Survey. However, because of sampling and non-sampling errors, the resulting estimates may vary substantially between data sources for a given district; therefore, statistical approaches should be employed to estimate smooth trends in U5MR for all districts and their uncertainty intervals \[[@CR1]\]. Second, we constructed our covariates based only on censuses because we needed them to be available for the whole period of observation. There is a need to expand our database by including other covariates, such as those constructed from the various Annual Health Surveys---if any of them are able to cover the current study period. Last, since the 2011 census is the last operation considered here, our results refer to the past and may not reflect recent mortality changes.

Apart from these limitations, this study makes a significant contribution to comprehensively examine spatial pattern of U5MR and its local determinants in India. The spatial methods utilized in this study can potentially contribute to public health research by allowing researchers to better understand the etiology and spatial processes and offer results beyond global models. GWR is identified as one of the geostatistical methods that should be promoted in health studies in light of the locality of health outcomes \[[@CR37]\]. Further, this study demonstrates the utility of combining GWR and cluster analysis as a methodological approach to study local level variation in public health indicators. It could be applied in any country using publicly available aggregate level information from census or survey data. There are several other studies \[[@CR38], [@CR39]\] in other high mortality countries, which identified the importance of spatial analysis in mortality studies. However, these studies were focused on estimating mortality at the local levels and adjusting global analytical models of mortality for spatial clustering. This study makes a useful contribution in this direction by studying spatial and temporal changes in local level determinants of U5MR in high mortality region and check spatial non-stationarity of relationship between U5MR and its predictors, as spatial non-stationarity can hamper efforts to achieve meaningful interpretation of mortality or public health data. By capturing these spatial and temporal changes in local relationships of public health indicators with its predictors, the authorities can design more effective local strategies. Maps displaying the local GWR coefficients are relatively easy to interpret and could feed into the debates on how to design health interventions at the local level, but also on which specific subpopulations should be targeted.

Conclusion {#Sec9}
==========

The main aims of this study were, first, to examine the effects that a series of socioeconomic, development, and environmental health factors have on U5MR for each district and, second, to study the spatial heterogeneity in each factor's relationship with U5MR from 1991 to 2011. Considerable geospatial clustering of high mortality districts is observed for both of these census years. After controlling for the effect of other factors in GWR models, we observe coefficients with both positive and negative effects from each factor at the district level. The spatial non-stationary test results also confirm the spatial non-stationarity of these relationships. This justified our use of geographically weighted regression models to study factors associated with U5MR at the district level. Further, this implies local variations in the contribution of each socioeconomic, development and environmental health factor. This, together with the GWR models for different years, implies that they also vary over time. Cluster analysis of GWR coefficients help identify not only the key clusters of districts in India, but also the important predictors associated with each cluster. These clusters do not identically follow the regional boundaries proposed in previous studies. To accelerate U5MR reduction in India, intervention programs should be designed at the local level, and they must consider local-level determinants of U5MR. This would not only accelerate progress towards the SDG target for child mortality in India, but it would also minimize the health and socioeconomic inequalities across the districts in this country.

Appendix 1: *t*-value maps of independent variables from GWR, 1991 and 2011 {#Sec10}
===========================================================================

Appendix 2 {#Sec11}
==========

See Table [6](#Tab6){ref-type="table"}.Table 6Descriptive statistics of independent variables by cluster (including cluster comparison for 2011), 1991 and 2011Under five mortality rateFemale literacyFemale labor force participation rateFemale scheduled caste and tribeAccess to sanitation facilitiesAccess to safe waterRoad Infra structureAccess to medical facilitiesUrbanizationAccess to electricity*Cluster 1*1991 Mean78.4744.4833.3421.6127.1558.8860.2542.8325.2153.90 CV0.370.480.450.620.820.380.440.690.710.392011 Mean71.1967.1730.4123.3151.7179.4280.5361.7433.6885.13 CV0.300.210.380.600.480.270.340.390.590.18*2011\** Mean73.2268.1030.7123.6550.5478.1980.0860.0434.1283.87 CV0.330.210.360.580.510.290.330.430.640.21*Cluster 2*1991 Mean140.1131.2429.0431.2317.0955.2629.8531.5222.6742.04 CV0.240.420.640.400.690.300.441.140.770.482011 Mean94.3761.0825.5232.2431.1583.7758.9234.9926.5562.34 CV0.180.170.470.390.510.130.310.450.590.372011\* Mean93.4259.4017.6724.2244.0589.7761.0647.2927.8256.16 CV0.220.160.580.500.470.110.420.440.600.47*Cluster 3*1991 Mean99.8742.9143.8855.1339.1746.8223.7921.5114.9031.35 CV0.460.310.500.640.520.420.600.830.780.582011 Mean86.4067.5931.3955.7369.1960.5830.0147.2818.6154.32 CV0.270.160.480.640.240.360.730.500.670.422011\* Mean88.1365.5830.2852.4761.4666.7336.1642.5217.9752.07 CV0.260.170.520.680.410.360.730.590.670.43*Cluster 4*1991 Mean89.7341.5423.4228.5327.9472.8056.3954.8625.7958.31 CV0.330.370.930.710.690.260.590.630.770.442011 Mean77.1367.5022.1528.6162.1791.2670.7650.7132.1079.33 CV0.270.150.620.670.280.110.400.440.700.282011\* Mean75.4467.8127.6533.6553.5886.5671.1244.4030.2684.45 CV0.230.150.500.570.430.130.380.500.660.15*Cluster 5*1991 Mean118.9323.1020.6627.0010.0954.3030.1145.1913.7918.31 CV0.280.370.480.550.790.390.320.760.790.842011 Mean98.3856.6415.3327.4723.6788.0766.3740.0913.5732.06 CV0.140.120.410.510.510.160.320.570.780.622011\* Mean89.3855.3913.9425.6923.8584.1972.0146.6914.1425.85 CV0.110.100.390.570.350.230.310.430.770.66*Cluster 6*1991 Mean101.4031.9620.4430.4217.2458.9628.8222.6918.5723.56 CV0.300.450.590.500.960.430.480.620.950.762011 Mean78.9160.1816.0531.5335.2881.3964.0940.4420.0741.77 CV0.210.200.430.490.700.210.330.450.890.612011\* Mean82.5261.3917.6234.1639.2079.7655.8642.7519.0545.41 CV0.250.190.480.550.670.230.390.480.910.57\*These values are based on clusters formed from *t*-values of GWR in the 2011 census
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